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;1E5DUS  STATIC- H8SSSUKS  PROBES  INSENSITIVE  TO 
FLOW  INC  LUXATION  IN'  S0XSBSONIC  AIR  STREa&S 


Prepared  by  t 

L.  W»  Walter  and  S.  J.  R6dcnan 


ABSTRACT;  Tests  were  made  to  develop  small  static  pressure 
naedie-probes  insensitive  to  flow  inclination  in  e two- 
dlmonsional  supersonic  flow.  A probe  configuration  was 
obtained  which  oould  be  used  to  measure 'static  pressure 
within  *2#  at  angles  of  attack  from  -8°  to  +16°  at  Mach 
number  1.5  and  from  -4®  to  ♦12s  at  Mach  number  Assuming 

that  the  flow  can  be  resolved  into  independent  ar.inl  and 
transverse  components,  agreement  between  the  pressure  varia- 
ion  predicted  using  data  taken  with  cylinders  transverse  to 
he  flow  end  the  pressure  variation  versus  angle  of  attack 
measured  with  the  probes  was  obtained. 
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Tiiis  report  contains  information  of  Importance  to  workers  who 
must  measure  static  pressures  in  supersonic  air  streams..  The 
experimental  data  were  obtained  during  December  1953 ; January 
i 954 , and  February  1954  in  the  12  x 12  cm  Aarnphysics  Wind 
Tunnel  No.  6 and  the  1?  x 18  om  Aerophy3ios  wind  Tunnel  Ho,  3 
at  the  it.  £ , Naval  Ordnance  Laboratory,  This  work  wae  sponsored 
by  the  Office  of  Naval  Research  under  Task  Number  FR-31  (54). 

The  authors  wish  to  acknowledge  the  work  contributed  by 
R,  Brsnsom  in  constructing  the  static  pressure  probes. 
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CC  angle  of  atfcaok  of  the  probe  axis,  degrees;  measured  in  the 
plane  of  symmetry  of  t*  a orifices  (see  Figure  3.} 

© angle  of  offset  of  a point  on  the  probe  from  the  plane  of 
symmetry  of  the  orifices , degrees  (see  Figure  1) 

& sngie  between  the  probe  axis  and  the  tangent  to  the  probe 
surface  which  intersects  tus  axis,  degrees 

M Mach  number  of  the  free -a bream 

Mo  Mach  numbs  r o r vliC  flow  component  normal  to  the  probe  axis 

P free-stream  static  pressure 

Pjji  static  pressure  on  the  probe  surface 

q free-atream  dynamic  pressure 

C_  oressure  coefficient,  " ** 

p ' u 
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NEEL'LS  STATIC-  PRESS*  HI  PROBES  INSENSITIVE  TO 
FLOW  INCLINATION  m SUPERSONIC  AIR  STREAMS 


INTRODUCTION 


I.  During  the  course  of  an  investigation  of  the  wake  behind 
a circular  cylinder  it  became  necessary  to  measure  static 
pressures.  This  task  was  complicated  by  the  inclination  of 
the  air  flow  and  by  the  small  width  of  the  viscous  wake  of  the 
cylinder  (a  diameter  cylinder  was  used}.  A static  probe 
wss  required  that  would  be  small  enough  so  that  it  produced 
little  disturbance  of  the  flow.  It  must  also  be  insensitive 
to  flow  inclinations  for  at  least  moderate  angles  of  i .Uvj  I Ina- 
tion,  say  angles  up  to  10°  or  19s  * 


2.  Several  methods  for  measuring  both  static  pressure  an a flow 
inclination  exist.  These  methods  suffer  from  several  disad- 
vantages; the  mechanism  is  usually  intricate,  the  data  reduction 
is  relatively  complicated,  ana  the  pressure  sensing  element  is, 
in  general,  large.  It  is  the  last  of  these  disadvantages  that 
led  us  to  try  some  modification  of  the  conventional  static 
pressure  needle  probe  that  would  be  insensitive  to  flow 
inclination.  The  needle  probe  oan  be  made  almost  as  small  as 
one  desires.  To  this  end  we  have  combined  the  ideas  of  several 
authors. 


3*  The  work  of  Jones  (reference  a)  and  Alien  and  Perkins 
(reference  b)  has  shown  that  the  flow  about  slender  axially 
symmetric  bodies  inclined  to  the  air  stream  can  be  considered 
quit6  simply.  If  the  angle  of  inclination  is  not  too  large, 
the  flow  can  be  resolved  into  two  independent  streams;  ens 
perpendicular  to  the  axis  of  the  body  and  the  other  parallel 
to  it.  An  expression  for  the  pressure  coefficient,  Cp  = 

( PQ  - P}/q,  at  any  point  on  the  body  can  then  be  obtained  in 
olosM  form  if  Incompressible  potential  flow  is  assumed.  The 
pressure  coefficient  is  given  as  a function  of  the  angle  of 
attack,  9 C , the  azimuthal  angle  S (measured  from  the  angle  of 
attack  plane)  and  the  axial  distance,  x (see  appendix  a). 

This  expression  shows  that  for  every  axial  position,  there  is 
a 9 f o '•  which  On  is  zero  independent  of  the  angle  of  attack. 

/in  orifice  located  at  this  position  should  then  measure  the 
true  static  pressure  for  a 13  angles  of  attack. 


4.  Cooper  and  Hamilton 
actual?. y the  case  fur  a 
l?6  it*  t. 

- J : fvveo  O'  L-  u L l.'  a ir  i n=: 


( reference  c)  have  shown  that  this  is 
parabolic  body  of  revolution  at  tiach 
of  attack  is  not  too  large.  They 
edie  crobes  insensitive  to  a no  ' e of 
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attack  could  also  be  built  by  properly  choosing  the  angular 
position  nf  the  orifice  with  respect  to  the  angle  of  attack 
plane. 


>,  Bowsver,  in  the  Mach  number  range  in  which  the  probes  are 
to  t-0  USeO , fc  hrt  crOSS  r low  Moc-ii  r» Iimhfll* . Me  = M sin  cL  , reaches 
values  of  6.8  for  the  higher  angles  of  attack.  Therefore,  it 


x*o  Hfcj^Ufae  inuumprtsbti xul 6 potsnwlal  ux^oo 


r«*  ♦*  1 *-*•»  * 

x it;w  | 


is  unreaiisiic 

the  effect  of  compressibility  becomes  important  fer  flow  about 

A - - “ * ^ -j  . „ ...  l ^ „ i.  U ^ If.  » L , . — V • «•  4m  U 4 /'.h  /\-n  h n A ^ ,'i  n ff 
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comparison  with  theory  must  use  a viscous,  compressible  theory 
for  the  transverse  flow  component.  Unfortunately  no  such 
theory  exists  for  the  flow  about  s cylinder. 


6.  A considerable  amount  of  experimental  information  on  the 
pressure  distributions  on  cylinders  in  cross  flow,  however, 
does  exist.  If  the  assumption  that  the  flow  can  be  resolved 
into  two  independent  components  is  valid,  then  the  pressure 
distribution  about  a oylinder  inclined  to  a flow  with  Mach 
number,  M,  should  be  identical  with  the  experimental  pressure 
distribution  about  a cylinder  in  a cross  flow  with  Mach  number 
Me.  The  pressure  es  a function  of  CC  for  a fixed  value  of  Q 
and  the  free-stream  Maoh  number  can  be  obtained  from  the 
experimental  cylinder  distributions  in  this  way. 


7.  Several  cone-cylinder  probes  have  been  tested.  Two  orifice 
locations,  6 **33°  and  0 =>2°,  were  used.  The  empirical  method 
described  above  predicted  that  an  orifice  location  of  G « Y? 
would  be  relatively  insensitive  to  angle  of  attack  for  M * 2.3; 
unpublished  ITOL  dote  on  ogive-cylinders  suggested  relative 
insensitivity  to  angle  of  attack  for  Mach  numbers  approaching  3 
if  an  orifice  looation  6 * Yc?  were  used.  The  results  of  tests 
using  these  orifice  locations  are  described  below. 


TEST  PROCEDURE 

I 

8.  The  tests  to  be  described  were  carried  out  in  the  12  x 12  cm 
and  18  x 13  cm  NOL  supers  onic  wind  tunnels.  Both  these  tunnels 
are  blow-down  tunnels  which  can  be  operated  continuously.  They 
operate  with  atmospheric  supply  temperature  and  pressure  for 
Mach  numbers  from  1.6  to  5.0.  a detailed  description  of  both 
tunnels  is  given  in  reference  d. 


9.  Each  probe  consisted 
diameter,  tipped  v<ith  a 
angle}.  Two  holes  were 
portion  of  the  probe,  T 


of  a steel  or  copper  tube,  0.050"  in 
cone  8 tube  diameters  long  (7°  vertex 
drilled  radial] y in  the  cylindrical 
able  I shows  the  orifice  size,  angular 
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separation  of  the  orifices,  anti  distance  of  the  orifices  from 
the  cons  tip  for  the  four  probes  which  were  tested.  Sketches 
of  the  probes  are  shown  in  figure  1. 


Vnr  oh* 

Designation 

A n rrn  3 o ■»»  Os*  ■**  — . a.  i - r 

— * A - Ui  VU 

of  Orifices  (2G) 

Orifice 

Size 

ta stone « o j.  ori 
fro?.1  Cone  Ti 

33s  short 

66° 

.008" 

10  diameters 

52°  chert 

^ a 

.013” 

10  diameters 

33°  long 

6(f 

.008” 

35  diameters 

52°  long 

io/o 

.013" 

35  diameters 

Table  I.  Features  of  the  Four  Probes  Tested 


10,  The  probes  ware  ’’telescoped**  through  ”0"  rings  into  e 
holder  which  wes  rigidly  attsched  to  a circular  Insert.  The 
insert  was  mounted  in  the  tunnel  side  wall  replacing  one  of 
the  glass  windows.  The  length  of  the  probe  was  adjusted  so 
that  the  orifices  fell  on  the  axis  of  rotation  of  the  mounted 
insert;  thus  the  orifices  remained  at  the  Game  point  in  the 
flow  for  all  angles  of  attack.  The  angle  & was  set  by  placing 
the  orifices  so  that  the  angle  of  attack  plane  bisected  the 
line  joining  them;  the  angle  of  attack  of  the  probe  was  varied 
by  turning  the  insert  through  a given  angle  with  respect  to 
the  tunnel  axis. 

11.  There  are  two  possible  errors  In  the  angular  measurements 
with  the  probe  in  the  wind  tunnel;  the  error  in  setting  $ and 
the  error  in  the  angle  of  attack  caused  oy  bending  of  the  probe. 
The  error  in  setting  £ is  almost  wholly  removed  by  having  two 
pressure  orifices.  This  is  discussed  in  paragraph  23.  The 
error  inti  educed  by  the  probe  bending  at  high  angles  of  attack 
we3  checked  using  e transit  sighted  on  the  probe  through  a glass 
window  in  the  tunnel  side  wall.  A comparison  of  the  actual 
angle  of  attack  as  measured  hy  the  transit  with  that  for  which 
the  probe  was.  set  shows  a difference  of  1°  in  the  worst  case  -- 
probes  having  copper  shanks;  the  steel-shanked  probes  showed 
negligible  bending.  Corrections  for  bending  neve  been  applied 
in  cases  where  necessary. 


REbUl.TS  AND  DISCUSS  ION 


12. 

ste 

In 


The  ratios  of  the  measured  static  urmT.orea,  ?m, 
sic  pressure,  p,  measured  et  zero  angle  of  attack 
Figures  3 through  6 as  functions  of  the  angle  of 


t-o  tee 
are  plotted 

'tfcr.Ok,  CL  . 
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Table  II  gives  the  raeaaurcd- 
angle  o f attack,  for  tho  probe 
measured  with  the  long  probe 
correct  free- stream  static  pr 


to  supply-  pressure  ratios  at  zero 
3 tested.  The  static  pressure 
has  here  been  tasuuieh  oO  bs  the 
assure.  The  table  shows  that  the 


short  probes 
not  r.  r.orioh 


; 1 T*  Cl  f? 

nc  0 


which  are  slightly  low, 
s small  correction  c.ari  bo 


to  the  measured  pressures.  The  correct  ion  which  v-as 
determined  for  the  short  probes  is  given  below. 


This  is 
applied 

empirically 


\ fa/ 1 1 = .0149  - , U040M  (here  n can  be  the  Mecn  number 

corresponding  to  the  measured 
value  of  tho  static  pressure) 


Nominal  Mach  number 
Pm/P0  (long  probe } 

Pm/Pc  (short  probe) 


1.5 
• 253 
.246 


2=  5 
,0604 
.0582 


2,9 

.0329 

,0306 


3.2 

,018? 

,0185 


Ratio  of  static  pressures  measured  by  the  probes  at  zero  angle 
of  attack  to  the  supply  pressure  for  the  Mach  numbers  used. 


rpo  K1  w 


II 


13,  If  an  error  of  1 percent  or  2 percent  is  permissible  in 
the  static  pressure  measurement,  then  the  curves  show  that 
cither  tho  eh  ort  or  the  long  probe  with  hole  separations,  29  ~ 66 P, 
can  be  used  in  the  range  M = 1.5  through  ti  - 2.5  for  a relatively 
wide  range  of  positive  04.  at  M * 1.5  both  probes  read  the 
static  pressure  to  within  2 percent  for  ot  up  to  +16°.  At 
M = 2, 9 1 the  maximum  permissible  has  decreased  to  5°  , The 
short  probe  with  a hole  separation  29  = 104°  , however,  gives 
the  static  pressure  to  within  2 percent  for  at  up  to  +11°  for 
M = 2.9.  Figure  7 shows  the  angle  of  attack  range  of  each 
probe  for  a given  percentage  deviation  (1  percent  to  2 percent) 
from  the  pressure  at  34  - 0. 


14.  Xt  is  apparent  from  tne  above  curves  tnat  neither  value  for 
tho  hole  separation,  29,  works  for  all  the  Mach  numbers.  For 
9 = 33",  the  long  probe  is  relatively  insensitive  to  angle  of 
attack  in  the  low  and  intermediate  Mach  number  range;  the  short- 
probe  with  9 = 52°  is  relatively  insensitive  to  angle  of  attack 
for  Mach  numbers  between  2.9  and  3.3. 


i.S,.  The  pressure  aa  a rune 
with  respect  to  positive  a 

cannot,  be  imuri>vs*l 


tion  oi  angle  of  attacK  is 
nd  negative  values  or  ss.  , 
hy  h rilling  two  more  holes 


un symmetric 
Thus,  the 
180  ° from 


NAVOhl1  Report  3694. 

the  original  hole?.  This  can  be  seen  by  averaging  she  measured 
pressures  for  two  values  of  OL  that  differ  In  sign  only,  Suoh 
a procedure  would  decrease  considerably  the  range  of  positive 
GL  for  which  the  probe  is  good  without  materially  Increasing 
the  negative  range  of  ft  . This  also  means  that  a rough  idea 
of  the  flow  c i Too hinn  i 9 necesss ry  before  there  probes  oan  be 
used  with  complete  confidence. 


GompaiioOii  with  rneory 

16.  V.’e  have  used  the  experimental  pressure  distributions  about 
cylinders  of  Go  wen  axiu  Perkins  (reference  e)  to  obtain  pressure 
vs.  angle  of  attack  curves  for  the  angles  0 * 30°,  33°  end  52° 
using  the  method  described  in  the  introduction.  These  curves 
together  with  our  experimental  points  are  shown  in  Figures  8 
through  11  for  both  long  and  short  probes  at  M * 1.57  and 
M = 2.92.  Tne  curves  for  the  remaining  Mach  numbers  ere  similar. 
The  d « 30°  curve  in  the  figures  shows  the  difference  between 
the  curves  obtained  from  the  experimental  values  of  reference  e 
and  Pm/P  » 1,  the  value  predicted  by  potential  thacry  for 

© * 30°. 


17.  The  agreement  between  the  pressure  distributions  for  the 
long  probes  and  the  distributions  derived  from  the  data  of 
Gowen  and  Perkins  is  quite  good  (see  Figures  9 and  11).  The 
largest  deviation  occurs  at  M *2.9  for  negative  tfC. . A turbulent 
cross  flow  boundary  layer  oould  be  the  cause  of  this  disagreement , 
The  NACA  date  used  in  plotting  the  curves  were  for  a laminar 
boundary  layer  about  a cylinder.  For  positive  ft  and  for  0 less 
than  75s,  the  pressure  as  a function  of  w is  nearly  the  same 
for  either  laminar  or  turbulent  boundary  layer.  Since  to  our 
knowledge  there  exist  no  pressure  distributions  at  the  required 
Mach  numbers  fur  turbulent  boundary  layer  about  the  cylinder, 
it  was  not  possible  to  compare  this  case  with  the  probe  pressure 
distributions  for  negative  s c , i.e.,  for  d 5.  750  . 


18.  We  have  also  compared  the  pressure  distributions  for  the 
short  probes  with  the  empirical  method  described  above.  Figures 
8 and  10  show  the  results  of  this  comparison.  The  agreement  is 
not  nearly  so  good  as  for  the  long  probes.  This,  however,  must 
be  expected.  " a cylinder  of  finite  length  inclined  to  the  flow 
direction  beers  some  resemblance  to  a cylinder  started 
impulsively  from  rest  in  0 direction  perpendicular  to  its  axis. 
The  development  of  the  cross  flow  about  the  inclined  cylinder 
as  a function  of  axial  distance  is  roughly  comparable  with  the 
development  of  the  flow  as  a function  of 
started  Impulsively  from  rest  (references  h and  f) 


tluio  01  a cylinder 
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large  axial  distances  or  for  long  times  the  cross  flow  will 


iiyva  xu3  steady  state  character;  the  "transients'*  will  neve 


* z>  Un 


disappeared.  The  short  probe  results  ore,  therefore,  not 
strictly  comparable  with  the  steady  state  NAOA  cylinder  data 
since  the  «rr>«a  flow  presumably  has  not  had  time  to  assume  its 
s t*. s\ r. d v ntsts  o ha .rsc t0r. 


U ui  0 t3  X p 0 1,  W *3  X AO  B U 1.  fc  S Vi  jL  t*  rl  1/  hw 


.19.  The  agreement  of 
empirical  theory  can  be  used  to  obtain  an  estimate  of  the 
static  pressure  u»  a function  of  ongls  of  attack  for  nrnhAB 
with  any  given  value  for  G.  Figure  12,  f or  example,  shows 
the  predicted  variation  of  oressure  w i th  CZ  for  0 = 40°.  This 
probe  configuration  appears  to  be  somewhat  superior  to  that 
for  which  0 “ 33°  if  2 percent  error  in  static  pressure  is 
permissible.  The  latter,  however,  gives  the  pressure  within 
1 percent  for  a wider  range  of  oc  Because  of  the  large 
orifice  size  (with  respeot  to  probe  diameter)  on  the  experi- 
mental needle-probes , we  do  not  think  that  a probe  with 
dimensions  similcr  to  those  used  here  but  with  Q * 40°  would, 
in  practice,  give  any  greater  insensitivity  to  angle  of  attack 
(see  paragraphs  22  and  2j  b9low } , 


Reynolds  Number  Effects 

20.  In  the  comparisons  described  above,  the  Reynolds  numbers 
of  the  probes  and  those  of  the  cylinders  in  cross  flow  wars 
vary  different.  The  method  can,  nonetheless,  be  used  because 
the  pressure  distribution  about  cylinders  is  little  effected 
by  Reynolds  number  variation  if  the  boundary  layer  on  the 
cylinder  is  laminar;  the  only  parameter  the  pressure 

distribution  is  the  Mach  number’1'.  If  the  Reynolds  number  is 
high  enough  so  that  transition  to  a turbulent  boundary  layer 
occurs,  the  surface  pressure  distribution  with  the  turbulent 
boundary  layer  is  very  different  from  the  laminar  case.  How- 
ever, transition  occurs  only  for  S 750  and  thus  only  the 
negative  values  of  &,  are  effected. 


Effect  of  Axial  Location  of  Pressure  Orifioes 


21.  wp.  have  also  measured  the  static  pressure  on  the  probe 
surface  as  a function  of  exicl  distance  from  the  shoulder  for 
oc  * 0.  The  results  of  these  measurements  ere  shown  in 
Figure  13.  The  curves  show  that,  if  the  orifices  are  located 
10  diameters  from  the  shoulder,  the  pressure  obtained,  will  be 
the  true  static  pressure  for  the  «aci<  number  range . This  a gross 
with  tne  results  of  Holder  to  ai.  (reference  g>  who  performed 
similtr  tests  using  ogivai-rioseu  proton. 


*lt  As  assumed  here  that  i ns  Reyn.- 
that  the  -JCvCeut  •'>?'  bound-?”  is*; 


i.«  as  number  in  lerg**  encugn 
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iifiecfc  of  Orifice  3iso  end  Alignment 


22.  The 

r\  X'Clb  S d * 


pressure  orifice 


are  large  in  relation  to  one  needle 
2,ss  ixssd  ( .COS”  and  .Pli"  diameter } 


correspond  to  IS®  and  3 CP  or  arc  Thus,  the  pressures  obtained 
are  averages  over  these  eras.  However , this  pressure  will  be 
the  pressure  that  corresponds  to  a given  9 if  the  pressure 
uiatribution  is  linear  in  the  region  covered  by  the  orifioe. 
This  is  very  nearly  so  on  cylinders  in  cross  flow  in  the  region 
5 - 20®  to  ft  s 60° , On  this  basis,  the  hole  size  is  not 
important  as  long  as  it  does  not  enter  tho  nonlinear  regions 
or  cause  local  flow  disturbances. 


23.  The  linearity  mentioned  above  and  the  use  of  two  symmetri- 
cally pleosu  orifices  should  remove  errors  due  to  small 
misalignments  in  setting  the  angle  ft  when  the  probe  is  placed 
in  the  tunnel.  If  the  angle  ft,  as  set,  is  a little  in  error, 
then  one  of  the  orifices  has  as  much  positive  error  of  misalign- 
ment- as  the  other  hss  negative.  These  t«o  errors  should  average 
out  if  the  arcs  subtended  by  l he  orifices  remain  in  the  linear 
part  of  the  pressure  distribution. 


CONCLUSIONS 


24.  Cone  oylinder  needle  probes  have  been  built  which  give  the 
free-stream  statio  pressure  within  2 percent  for  angles  of 
attack  up  to  plus  16°  for  Maoh  number  1.5  and  far  angles  of 
attack  up  to  plus  12°  for  Maoh  number  2.5  when  the  angle  of 
yaw  is  zero. 


25.  The  flow  about  suoh  probes  can  oe  treated  by  resolving  the 
flow  velocity  into  an  axial  ana  transverse  component  and  treating 
the  two  components  as  independent. 

26.  The  effect  of  Reynolds  number  is  negligible  except  for 
negative  angles  of  attack  (provided  that  the  boundary  layer 

q r*  r\T*r\Tr  1 aw  ^ e s n r.  "•  •.  - n 1. ' -=.  \ 
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27-  Ar  orifice 

_ _ _ 

cone  length  or  8 diameters  and  for  Mach  numbers  1»5  & M 


proved  sufficient  to  insure  complete  pressure  recovery  with  e 
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Perkin  s s ho  v;  tJha  t 

^ r#  ^ H -i  » a jtj  1 ^ a 1 


if  tile  body 


is  "slender  enough 


6qLiei  xu  magnitude  to  the 


{.'Ulil  u 


free-stroam  velocity,  the  pressure 
on  the  body  surface  is  given  by: 


— X.  OGU 


,o 

/J 


sin  9 sin  2cC 


U- 


sin~  9)  sin-ou  +C- 


( A1 } 


where  hh  is  t.ta  angle  between  the  air  s tread  ana  the  axis  of 
symmetry  of  the  body*  9 is  the  angular  distance  of  a point  on 
the  bocly  out  of  the  plane  in  which  <£  is  measured,  0 is  the 
angle  formed  by  the  intersect ion  of  the  tangent  to  the  body  at 
the  point  in  question  with  the  axis  of  symmetry,  and  Cp  is  the 
pressure  coefficient  - P 

q 


2.  If  the  first  two  terms  on  the  right-hand  side  of  equation 
(Al)  are  set  equal  tc  zero,  a relation  between  dC,  and  0 rasults 
for  which  Cp  equals  the  pressure  coefficient  at  zero  angle  of 

dt  i/6Ck,  C rj  fi 

* l«*  « A 

* t — ■ mr 

3,  The  angle  6 that  satisfies  thi3  condition  for  all  OL  is  30°. 
To  other  values  of  9 for  which  Cp  “ Cp|tf.o.  thera  correspond 

two  and  only  two  values  of  OC  for  a given  angle  /3  . 


/,  Let  us  consider  a needle  probe  which  is  s slender  cone- 
cylinder.  With  the  pressure  orifice  located  on  the  cylindrical 
portion  of  the  body  tan/5  *0,  so  that  tha  first  term  on  the 
right  side  of  equation  IA1)  is  zero.  Thus,  if  the  orifice  is 
located  30°  out  of  the  angle  of  attack  plane  (9  « 30°)  we  find 
Cp  » Cpj^.s(i  for  all  jC  ; i.  a.  , the  probe  is  insensitive  to 
angle  of  attack.  This  prediction  is  true  as  long  as  the  physic. a 
flow  field  is  approximately  potential  flow  and  the  probe  Is 
slender. 
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Sketch  of  Long  and  Short  Needle  Probes 
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Probes  with  Empirical  Theory 
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Probes  with  Empirical  Theory 
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